It is well established that the intraparietal sulcus (IPS) plays an important role in the processing and representation of numerical magnitude. Two recent studies by Piazza et al. and Cohen Kadosh et al. published in this issue of Neuron used fMRI adaptation to explore the extent to which parietal number processing is dependent upon or independent of a numbers' surface format. Their results, while slightly different, converge to suggest that the answer may be neither, but rather that it depends on the hemisphere.
Numerical quantity can be represented using multiple surface formats (e.g., four, 4, IV, ****). The degree to which surface formats affect number processing is an important question. From a neuroscientific point of view, a resolution of this question will help to determine the extent to which an abstract representation of number exists in the brain. Two elegant studies by Piazza et al. (2007) and Cohen Kadosh et al. (2007) published in this issue of Neuron explore this question using cutting-edge functional neuroimaging methodology and arrive at slightly different results. The significance and implications of their data can best be understood by first reviewing some of the theories and empirical evidence that form the background to these investigations.
Some cognitive theories predict that the surface format of a numerical symbol has a crucial effect on the way its numerical magnitude is processed (Campbell, 1994) . Neuropsychological models (Dehaene and Cohen, 1995; McCloskey, 1992) , however, have posited that semantic processes of numerical magnitude representation are unaffected by stimulus format. The most influential of these models, the triple code model (Dehaene and Cohen, 1995) , predicts that numerical quantity is represented in an abstract format in the intraparietal sulcus (IPS). Evidence consistent with this hypothesis has been reported in several neuroimaging studies. For example, in a study by Dehaene (1996) , participants compared Arabic numerals and number words for their relative numerical magnitude. As a marker of semantic number processing, the ''numerical distance'' effect was used: the larger the numerical distance between numbers, the faster the comparison process. The results revealed that while event-related brain potentials (ERP) responses to stimulus identification differed between stimulus formats, the ERP signature related to the distance effect was equivalent for number words and Arabic numerals. Furthermore, source localization of the ERP responses indicated that format-independent, semantic number processing was localized to the IPS. Evidence convergent with this findings was obtained by Pinel et al. (2001) using both ERP and fMRI. These results illustrate that semantic number processing is temporally and spatially separate from format-dependent processing in the brain.
However, more recent evidence has indicated that activation of the IPS during magnitude comparison may be related to response-selection rather than number-specific processing (Gobel et al., 2004) . Moreover, two other studies demonstrated overlapping activations for numerical and nonnumerical magnitude comparisons (Cohen Kadosh et al., 2005; Pinel et al., 2004) . Such evidence calls into question the extent to which format-independent effects in previous studies of number comparison reflect an abstract representation of number in the IPS, thereby leaving unresolved the question of surface format effects on semantic number processing in the brain.
Both of the present studies overcome the problems inherent in the use of an active number comparison paradigm by using fMRI adaptation (fMRA-for a recent review of this method see Grill-Spector et al. [2006] ). When a particular aspect of a stimulus is repeated, brain regions representing this stimulus feature will decrease in response. The subsequent presentation of stimuli (deviants) that differ in the feature that was previously adapted should lead to a recovery in the neural response of the adapted region. In a previous study, Piazza and colleagues (2004) used this method to delineate the specific features of numerical quantity representation in the IPS. Their present study uses fMRA to probe the extent to which similar populations of neurons in the IPS respond to symbolic (Arabic numerals) and nonsymbolic (arrays of dots) representations of numerical magnitude. Piazza et al. (2007) present an design allowing for the use of multiple measures to assess the effect of stimulus format on numerical magnitude processing in the IPS. First, participants were presented with a series of slides containing Arabic numerals or arrays of dots, selected from within a close numerical range (e.g., 17-19) for 2 min. After this period of adaptation, arrays of dots or Arabic numerals from a dramatically different numerical range (e.g., 47-49) were presented.
In addition, the surface format either remained the same or changed. The data revealed significant, slow decreases of the fMRI signal in an extensive network of brain regions including the bilateral IPS during the period of adaptation to either Arabic numerals or arrays of dots. Region of interest analyses indicated that the signal recovered significantly in the IPS when the numerical magnitude changed and, importantly, that this ''rebound'' effect was not impacted by the stimulus format of the novel numerical quantity. These results point to stimulus-independent coding of numerical magnitude in the bilateral IPS. They also provide the first direct quantification of the temporal dynamics of numerosity habituation in the IPS. The long period of time necessary to induce numerosity habituation illustrated by Piazza et al.'s study provides an important departure point for future fMRA studies of numerosity habituation and aids in the interpretation of previous negative results (Shuman and Kanwisher, 2004) .
During a subsequent period of adaptation, Piazza et al. (2007) presented their subjects with deviants that differed in either numerical magnitude or stimulus format and numerical magnitude. In addition, deviants could either be close or far in terms of their numerical distance from the habituation numerosity. When responses to these deviant events were modeled in parietal regions identified on the basis of the group results, a significant distance effect (greater response to far versus close deviants) was found in both hemispheres of the parietal lobe. This distance effect was the same in the right IPS both when deviant Arabic numerals were presented among habituation arrays of dots and when deviant dots were presented within habituation trains of Arabic numerals. In the left IPS, however, there was a smaller distance effect when deviant dots were presented among Arabic numerals compared to when Arabic numerals were presented among dots. In other words, the fMRI response recovered significantly both when the numerical distance between deviant dots and habituation Arabic numerals was small and when it was large. Piazza et al. (2007) interpret this hemispheric asymmetry in crossnotational adaptation as supporting the hypothesis that the precision of magnitude coding is greater in the left compared with the right IPS. Taken together, while the thrust of Piazza et al.'s findings point to format-independent representation of numerical magnitude in the IPS, the hemispheric differences that emerge as a function of the combination of habituation and deviant format suggest the possibility of format-specific differences. They also suggest a special role for the left IPS in the representation of enculturated symbolic representations of numerical magnitude.
Using high-resolution fMRI, focused on the parietal lobe, Cohen Kadosh et al. (2007) also find an interesting hemispheric difference in notational adaptation effects. While Piazza et al. (2007) probe the effect of stimulus format on number processing by comparing symbolic (Arabic numerals) and nonsymbolic representations (arrays of dots) of numerical magnitude, Cohen Kadosh et al. (2007) assess crossnotational adaptation effects of Arabic numerals (''10'') and number words (''ten''). In addition to differences in the stimuli, the two studies also differ methodologically in several ways. While Piazza et al. (2007) directly model habituation and assess it using response to deviants; Cohen Kadosh et al. (2007) compare activation underlying the sequential presentation of two numerical stimuli. More specifically, participants were shown two stimuli that were either (1) were the same in format and quantity (e.g., 2-2), (2) differed in quantity but not format (one-two), (3) differed in format but not quantity (e.g., 2-two), or (4) differed in both format and quantity (e.g., 2-six). This design allowed the authors to assess the main effects of quantity adaptation (greater activation for different versus same quantity) and format adaptation (greater activation for different versus same format) as well as the interaction of these two factors. Using a combination of whole-brain voxelwise analyses and event-related deconvolution ROI analyses of voxels isolated by means of a subject-bysubject analysis, Cohen Kadosh et al. (2007) demonstrate that the left IPS adapts to quantity regardless of whether it is presented using Arabic numerals, number words, or a mixed format. In the right IPS, however, format and quantity were found to interact significantly both in the analyses of individual subjects as well as on the whole-brain level. Specifically, the right IPS exhibited quantity adaptation when quantity was presented using Arabic numerals (2-3) but not when number words (two-three) were used. These findings suggest that while quantity adaptation in the left IPS is independent of stimulus format, the right IPS only adapts to quantity when represented by Arabic numerals.
In sum, both studies present evidence for notation-independent coding in parietal regions, while at the same time showing subtle effects that point to the influence of surface format on the semantic processing of numerical magnitude in the parietal cortex. Interestingly, both studies find that stimulus format has differential effects on regions in the left and right parietal cortex.
At first glance, the results from these two studies may seem contradictory, leaving the debate of stimulus format effects on semantic number processing wide open. However, results from both studies potentially reveal an important role for the left IPS in the representation of enculturated symbols of numerical magnitude, such as Arabic numerals and number words. Cohen Kadosh et al.'s findings reveal that the left IPS adapts to quantity regardless of its symbolic representation (Arabic numerals and number words) and Piazza et al.'s data reveal that the left IPS may contain a more precise representation of Arabic numerals than for arrays of dots. Both these findings suggest a degree of specialization of the left IPS for symbolic, enculturated representations of quantity that may be afforded by connections with left-frontal, language related regions of the brain. Damage to left parietal regions has consistently been associated with calculation deficits (Dehaene and Cohen, 1995) . Moreover, Isaacs et al. (2001) found that children born with very low birthweight who later showed deficits in calculation abilities have less gray matter volume in left parietal cortex than those without such mathematical difficulties. Recent developmental studies suggest that the left IPS becomes increasingly specialized for the representation of numerical operations (Rivera et al., 2005) while numberrelated activation of the right IPS is similar for both children and adults (Cantlon et al., 2006) . Moreover, consistent with the notion of a more finely tuned representation of number in the left IPS, recent evidence demonstrates that exact compared to approximate numerosity judgments are associated with greater activation of a left-lateralized fronto-parietal network (Piazza et al., 2006) .
Developmental studies which measure both functional and structural age-related changes of the left and right IPS and their interconnectivity may help further to disentangle the different roles of the left and right parietal cortex in the processing of numerical magnitude represented by both nonsymbolic quantities and numerical symbols. Such studies will, in the future, resolve what Piazza and colleagues refer to as the ''symbol grounding problem.'' Against the background of previous literature, both studies focus strongly on the parietal cortex but at the same time reveal interesting effects in other brain regions. A focus on networks of brain regions involved in number processing may help to explain further the role of format differences on the neural processing and representation of numerical magnitude. Another important question concerns the extent to which rebound and deviant effects in the IPS could be similar to and different from attention-related signals in this brain region (for a review see Corbetta and Shulman [2002] ).
A recent single-unit recording study by Nieder et al. (2006) with awake, behaving monkeys is also interesting in the context of the present studies. Here, the issue of abstract representation of number in the parietal cortex was addressed by comparing neuronal responses during sequential and simultaneous enumeration. The results indicate that while a certain percentage of neurons in the IPS respond to numerical quantity irrespective of the type of presentation, there are also populations of IPS neurons that are specifically tuned to either sequential or simultaneous enumeration. These data, like those reported by Piazza et al. (2007) and Cohen Kadosh et al. (2007) , reveal the possibility of both format-dependent and abstract processing of number in the IPS.
Taken together, the present studies by Piazza et al. (2007) and Cohen Kadosh et al. (2007) shift the focus away from the dichotomous question of whether or not there exists an abstract, stimulus-independent representation of number in the parietal cortex, toward the more complex questions related to hemispheric differences and the neural consequences of learning the cultural representations of numerical magnitude. By doing so, the present results go beyond the level of explanation that is afforded by behavioral analyses and demonstrate clearly how much functional neuroimaging data has to add to cognitive theories (Seron and Fias, 2006) .
